The main purpose of employing pre-coated steel sheets is to minimize corrosion of steel. However, coatings can be severely affected by forming processes. In the forming processes, due to the different modes of deformation, the strain levels are different and so can affect the properties of the coatings to a varying degree. Special attention has to be paid to the influence of deformation conditions on the performance of the coating, as regards protection against corrosion. The adhesion of the coating must remain good, and the surface should not be damaged during forming. Therefore, it is necessary to study the behavior of its corrosion resistance against the deformation.
Introduction
Hot dip galvanizing has been a very widely employed technique to impart corrosion resistance to steel structures. When the underlying steel substrate e.g. sheet metal, is required to be deformed for applications such as automobiles, the coating needs to exhibit good formability. When the coating begins to crack its corrosion resistance starts to deteriorate due to the exposure of base steel to the atmosphere [1] . Galvanized coating is ductile in nature. Zinc is a soft metal that flows with the steel sheet during press forming. It accommodates compressive stresses easily without any peeling off [2] . Gupta and Ravi Kumar studied formability of hot-dip galvanized interstitial free (IF) steel sheets and investigated the effect of coating thickness on forming behavior of coated steel sheets. They studied deformation of several hot-dip galvanized coatings of thickness up to 30 mm and showed that coefficient of friction at the punch sheet interface is less. This may be due to zinc coating acting as solid lubricant at the interface [3] .
Literature published on the effect of deformation on corrosion behavior of the galvanized coatings is limited. Sacco et al., who carried out polarization resistance studies of uniaxially deformed galvanized steel, observed a slight increase in the corrosion rate of zinc with an increase in the degree of deformation [4] . Also, a few research groups have studied the forming behavior of coated steel sheets [5] [6] [7] . But, their main attention is predominantly to understand the effect of coating type, coating thickness, etc. on the forming limit strains, strain distribution, interface friction coefficient variation, lubrication characteristics, surface roughening, wear behavior, etc. [5] [6] [7] during forming and not on the corrosion behavior of that coated steel sheets. Moreover, any automotive sheet parts (like fender, oil sumps, exposed panels, etc.), made of coated steel sheets, during manufacturing (or forming) undergo different modes of deformation at different regions. Varied deformation modes like biaxial stretching, plane strain stretching, drawing and bending are seen. It is possible that the corrosion behavior of coated sheet can vary as a function of modes of deformation (or strain paths), i.e., different regions of that formed sheet may exhibit different corrosion behavior. In view of above said reasons, it was considered worthwhile to examine systematically the influence of deformation on the protecting ability of hot-dip galvanized coatings.
In the present study hot-dip galvanized specimens were deformed under four different strain paths namely, biaxial, plane strain, uniaxial (drawing) strain and tensile deformation to examine the influence of strain path on the protecting ability of the coating. For each of these strain paths, the specimen was deformed at various strain levels in order to examine possible relation between the degree of deformation and the corrosion protection capacity of the coating. The limiting dome height test (LDH) was performed for this purpose. Electrochemical techniques such as potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) were employed. Corrosion studies were carried out in 3.5% NaCl solution.
Experimental methods

Materials
The material used in this study was a commercially available hot-dip galvanized steel sheet of 0.7 mm thickness having coating thickness of 18 mm. A 200 tonnes hydraulic press was used to deform the specimen by the standard limiting dome height (LDH) test tooling (Fig. 1) . Dimensions of specimen sheets were varied in order to obtain different strain paths during forming. The specimens investigated were of 200 mm length. Different strain paths were obtained by changing the specimen width. Three types of specimens having width 25 mm (type 1), 100 mm (type 2) and 200 mm (type 3) were tested. Because of different widths, types 1, 2 and 3 specimens generate uniaxial (drawing) strain, plane strain, and biaxial strain paths, respectively [3] .
The specimens were deformed in the following manner. All the specimens were degreased using acetone and electrochemically etched with 5 mm square grids. The marked specimens were placed on the die holder and an optimum blank holding pressure was applied to avoid draw-in and tearing near draw bead region (to ensure stretching). The specimens were deformed under three different strain levels till failure. For each specimen, strain distribution was measured at critical locations by monitoring the changes in the length and breadth of the square grid with the help of a tool makers microscope. The strain at various locations was calculated using the following equations:
where d 1 and d 2 are major and minor dimensions of rectangle, d 0 is the average length of undeformed square grid. e 1 and e 2 correspond to major and minor strain respectively. The effective strain ðēÞ was calculated using von Mises equation given below and the values are summarized in Table 2 . The effective strain refers to three-dimensional way of representing strain in sheet forming. Hence, it is relevant to use effective strain obtained from von Mises criteria for correlation purposes.
where e 3 = À(e 1 + e 2 ) 
Tensile test deformation
Flat tensile specimens parallel to the rolling direction (gauge length: 50.0 AE 0.10 mm, width: 12.5 AE 0.25 mm) were prepared as per ASTM 2000E-646. The specimens were tested under tension as per the guidelines of the standard. It was ensured that the specimen surface was smooth without any sharp scratches as that may act as stress raisers. A preload of 300 kg, which was approximately 10% of the UTS, was applied. After ensuring that there was no slipping of the specimen from the grips, the specimens were tested for three different strain levels under constant cross head speed of 1 mm/min. The third strain level was obtained by testing the specimen till its fracture. The second strain level was obtained by applying the strain upto ultimate load and the first level was obtained by applying the strain in between yield and ultimate load.
Corrosion studies
Specimens with 1 cm 2 surface area were cut from the region of the formed part where strains measured accurately. An insulated copper wire was soldered to one of the flat sides of the specimen to make an electrical connection. A denture-based cold setting acrylic resin was used to coat the specimen, barring the surface opposite the soldered side. Before commencement of the electrochemical test, the specimens were cleaned with acetone followed by an ultrasonic cleaning in distilled water. An electrochemical test cell used for the study consisted of a borosil glass vessel with separate inlets for working electrode, reference electrode and counter electrode. Platinum sheet was used as a counter electrode and a saturated calomel electrode (SCE) was used as a reference electrode. A luggin probe-salt bridge was used to minimize the ohmic resistance. Potentiodynamic polarization studies were carried out in 3.5% NaCl solution (prepared using analytical grade sodium chloride dissolved in distilled water). The measurements were carried out at 25 AE 1 8C in stagnant electrolyte exposed to the atmosphere. A Solartron SI 1287 potentiostat driven by Corrware software was employed for all DC measurements. Before starting the experiment the working electrode was allowed to stabilize in the electrolyte in order to obtain a stable open circuit potential (OCP). In all the cases, the polarization curves were obtained by starting the potential scan from a cathodic potential and increasing the potential towards the anodic side at a scan rate of 0.16 mV/s. Tests were normally repeated two or three times to check the reproducibility of the data.
Electrochemical impedance spectroscopy (EIS) measurements were performed with the same experimental setup using 1287 Potentiostat and Schlumberger 1255 frequency response analyzer driven by Z PLOT software. Impedance measurements were carried out in the frequency range of 100 kHz-1 mHz. The amplitude of the signal used was AE10 mV. Ten data per decade of frequency were obtained to get smooth and reliable curves.
Results and discussion
Potentiodynamic polarization behavior of hot-dip galvanized steel sheets deformed to varying degrees under different strain paths and exposed to 3.5% NaCl is shown in Figs. 2-5 . In all the cases, a typical polarization curve of steel (substrate of the coating) is shown for comparison. The results show that both the deformed and undeformed hot-dip galvanized steel specimens exhibit lower corrosion potentials (E corr ), (in the range of À1.020 to À1.060 V SCE ), than that of the steel substrate (À0.680 V SCE ). The steep increase in anodic current density with potential in the case of hot-dip galvanized specimen indicates that the coating undergoes active dissolution during anodic polarization. Such behavior is typical of Zn dissolution in 3.5% NaCl. Close observation of the anodic polarization curves shows that they exhibit anodic Tafel slope less than 30 mV/decade, just above the E corr when the specimens were polarized anodically (Table 3) . Anodic Tafel slopes of less than 30 mV/decade indicate active metal dissolution. The zinc dissolution process is assisted by the presence of chloride ions, the main role being acting as a catalyst by the formation of the complex compound Zn-Cl-OH. Production of the chloride compound further facilitates the access of the electrolyte to Zn, accelerating the corrosion process [8] .
The barrier formed by corrosion products possibly hindered the flow of anodic current during the early stages of polarization. However, on further increasing the anodic potentials, the oxides were unable to resist the flow of current and the specimens exhibit high anodic current density. It has been reported that the dissolved carbon dioxide, in the electrolyte maintained at ambient conditions, converts some of the zinc hydroxide to a complex hydrated zinc carbonate [9] which supports the above proposition.
All types of deformed hot-dip galvanized specimens show accelerated dissolution. The study by Sacco et al., [4] showed that mild deformation lowers the corrosion rate of the sample. This is possible because of the fact that the deformation can induce accelerated corrosion resulting in formation of a thick product that protects the Zn surface. But the higher deformation of the specimen to 35% and above seems to be too severe for the coating to remain intact. As a consequence of this the bare steel surface exposed to the aggressive environment undergoes active dissolution.
The anodic polarization curves of hot-dip galvanized steel sheets specimen at high anodic potentials show a reversal in the anodic current density with polarization (Figs. 2-5) . A similar trend is observed by the previous authors [4, 10] . The anodic polarization curve shows that as the potential is increased, the anodic current density of the coating tends to become closer to that of the steel substrate.
Zinc is known to exhibit ideal electrochemical characteristics so that it can efficiently protect the steel substrate. Because of very slow hydrogen reduction kinetics, Zn exhibits a lower corrosion rate than that of steel in the chloride solution. Hence, a defect free galvanized steel panel corrodes at a much lower rate than a bare steel panel. However, if there is a defect in the galvanized coating it will protect the steel substrate. This happens because of the lower corrosion potential and faster anodic dissolution kinetics of Zn (see anodic polarization curves of Figs. 2-5 ) as compared to that of the steel. The higher anodic dissolution kinetics is therefore responsible for maintaining almost the same E corr on the deformed samples as on the undeformed sample (as has been pointed out earlier) so that the exposed steel substrate does not corrode. It is to be noted that due to high anodic dissolution kinetics of Zn, the steel substrate can be maintained at the protection potential to avoid its corrosion.
Generally, the Tafel slope forms the basis of understanding the electrochemical corrosion mechanism. However, in the present case anodic Tafel slopes could not correlate the degree of deformation with the dissolution kinetics of the coating as Tafel slopes did not vary systematically with the degree of deformation (as explained above, deformation can promote film formation as well as cracking of the film so a Tafel slope could not distinguish the two). Further, the complete anodic polarization curve was used to determine the amount of Zn dissolved at various potentials. According to Faraday's law, the Undeformed  24  27  38  Tensile, 16  19  23  28  Tensile, 31  18  22  27  Tensile, 52  17  22  26  Uniaxial, 15  18  21  26  Uniaxial, 28  17  21  24  Uniaxial, 52  16  20  24  Plane, 21  18  21  24  Plane, 32  16  20 
metal loss is directly proportional to the coulombs (Q) of current the specimen delivers when it is subjected to anodic dissolution. Hence, the anodic current was integrated with time and the integrated coulombs of current arising out of coating dissolution were plotted against anodic potentials as shown in Figs. 6-9. The plots reveal interesting results. All the curves exhibit three inflection points. As the potential is increased from E corr , Q does not increase significantly until the potential reaches the first inflection point Q 1 , called as region I. Subsequently, Q increases rapidly with potential in the second region bounded between Q 1 and Q 2 . Again between Q 2 and Q 3 , defined by region III, Q seems to increase with potential at a lower rate. In the fourth state, beyond Q 3 , Q rapidly increases with potential. Notably, the Q 3 value of undeformed coated steel sheet obtained at the end of the stage III turns out to be 32 C/cm 2 , a value close to that of the theoretical value of 36 C/ cm 2 obtained for a 18 mm thick coating. Thus, it is suggested that completion of stage III corresponds to complete dissolution of hot-dip galvanized steel sheets coating. Accordingly a correlation of Q 3 to the quantity of coating that remains on the deformed substrate seems to be possible. The difference between Q 3 of the undeformed and the deformed hot-dip galvanized steel sheets specimen gives an idea of the extent of coating lost due to deformation [10] . Using the formula given below, the degree of delamination/ flaking of the coating is obtained and plotted in Fig. 10 .
These plots show the dependence of severity of flaking/ delamination on the nature of strain paths. Examination of the Fig. 10 shows that compared with a biaxial mode of deformation, the other deformation modes causes a lower extent of delamination, if the delamination is related to the effective strain.
The influences of deformation on the electrochemical corrosion behavior of hot-dip galvanized coating were further examined using electrochemical impedance spectroscopy. Typical Nyquist plots of the specimens obtained at open circuit potentials are shown in Fig. 11(a-d) . As seen, the plots are not ideal semi circles expected of a single time constant. The factors such as surface roughness caused by deformation, the existence of corrosion films can contribute to a deviation in ideal semicircle as well as the appearance of more than one time constant. To make the analysis simple and fairly accurate, the Z value at v ! 0 is utilized for analysis. For this, the depressed semicircle was extrapolated to intersect the Z 0 axis and the Z 0 value at the intersection point was taken as the polarization resistance (R P ). R P values of about 423 V cm 2 obtained on the undeformed coating is close to the value reported by Perez et al. [11] and Barranco et al. [12] for Zn metal exposed to 3.5% NaCl and thus our studies are in agreement with the previous studies.
The variation of R P with the effective strain is shown in Fig. 12 . Notably R P is found to decrease with deformation in all types of the strain modes. Furthermore, It can be said, from Fig. 12 , that R p value depends on the mode of strain. The R p value of the coating is found to decrease in the order tensile > uniaxial > plane > biaxial strains. Decrease in R P value is indicative of the increasing dissolution (electrochemical reaction) of the coating. Hence, it can be suggested that the severity of deformation follows a reverse of the order found with respect to R p . The degree of delamination data, shown in Fig. 10 indeed follows the order, tensile < uniaxial < plane < biaxial.
Examination of the cathodic polarization curves of the hotdip galvanized steel sheets coatings suggests that the deformation has led to increase in cathodic current density which is possibly due to the exposure of the steel substrate to the aggressive electrolyte. The exchange current density for hydrogen evolution, i 0 (H + /H) on steel is much higher than that on Zn [13] . Hence, the exposed steel surface enables a higher rate of H 2 evolution (H + + e ! (1/2) H 2 than that on a defect free hot-dip galvanized steel sheets surface. However, the low open circuit potentials of the deformed specimens (Figs. [2] [3] [4] [5] indicate that a Zn coating sufficiently protects steel substrate, even under these severely deformed conditions. This is possible because of the fact that the Zn ! Zn 2+ + 2e reaction has poor tendency to polarize whereas the reaction of H + + e ! (1/2)H 2 is highly polarized on Zn. But, here comes the beneficial influence of bare steel surface exposed by the cracks. It is this high (H + + e ! (1/2)H 2 ) reaction kinetics on steel that can sustain high Zn dissolution needed to protect the steel.
Conclusions
Based on the present study, following conclusions are made:
1. Deformation causes loss in the hot-dip galvanized steel sheet coating which is more in biaxial mode, intermediate in plane strain mode, and less in uniaxial mode and tensile mode of deformation. 2. The galvanic potential of even the most severely deformed hot-dip galvanized coating is adequately negative to protect it from corrosion. 3. A linear relation exists between the effective strain of the specimen and the degree of delamination of hot-dip galvanized steel sheets coating.
